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The folding landscape of the epigenome
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Abstract

The role of the spatial organization of chromatin in gene regulation is a long-standing but still open
question. Experimentally it has been shown that the genome is segmented into epigenomic chromatin
domains that are organized into hierarchical sub-nuclear spatial compartments. However, whether
this non-random spatial organization only reflects or indeed contributes—and how—to the
regulation of genome function remains to be elucidated. To address this question, we recently
proposed a quantitative description of the folding properties of the fly genome as a function of its
epigenomic landscape using a polymer model with epigenomic-driven attractions. We propose in this
article, to characterize more deeply the physical properties of the 3D epigenome folding. Using an
efficient lattice version of the original block copolymer model, we study the structural and dynamical
properties of chromatin and show that the size of epigenomic domains and asymmetries in sizes and

in interaction strengths play a critical role in the chromatin organization. Finally, we discuss the
biological implications of our findings. In particular, our predictions are quantitatively compatible
with experimental data and suggest a different mean of self-interaction in euchromatin versus

heterochromatin domains.

1. Introduction

In multicellular organisms, all the cells share the same
genetic information but, in response to environmental
or developmental cues, they can adopt different gene
expression patterns leading to a variety of cell types
with different shapes and physiologies. The packaging
of eukaryotic DNA into chromatin contributes to the
regulation of gene expression by modulating the
accessibility of DNA to the transcriptional machinery.
Locally, this accessibility is in part regulated by
biochemical tags, the so-called epigenetic or chroma-
tin marks, that are set down on histone tails or directly
on DNA [1]. Statistical analysis of genome-wide
patterns of dozen of different marks have shown that
eukaryotic genomes are linearly organized into distinct
epigenomic domains [2-4]. These domains extend
over few kb up to few megabases and are characterized
by a specific chromatin state: (1) euchromatin states,
less condensed, early replicating and containing most
active genes, and (2) heterochromatin states, typically
highly condensed, late replicating and inhibitory to
transcriptional machinery.

Until recently, the genome has been essentially
studied as a unidimensional object. However, with the
recent development of genome-wide chromatin con-
formation capture techniques, evidence have accumu-
lated to suggest that genomes of eukaryotes are folded
into spatially and functionally subnuclear domains,
the so-called topologically associating domains
(TADs), characterized by high contact frequencies
within the domains and reduced contacts with adja-
cent domains [5]. The appearance of these domains is
associated with development and cell differentiation
[6] suggesting a role in the regulation of gene expres-
sion and the existence of epigenetic control mechan-
isms that orchestrate the higher order structure of
chromatin in the cell nucleus [7-9]. In particular, sta-
tistical analysis have shown that the unidimensional
compartmentalization of chromatin into epigenomic
domains is strongly correlated with the partition into
TADs [4, 6, 10], and in many cases, significant contacts
between distal domains of the same chromatin states
are observed. Interestingly, many diseases such as can-
cer are characterized by a global reorganization of

©2016 IOP Publishing Ltd
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nuclear architecture [11] while experiencing strong
epigenetic deregulation [12].

Chromatin folding used to be theoretically investi-
gated using homopolymer models [13] that mainly
address average aspects of the folding properties but
do not provide quantitative description of the sub-
chromosomal chromatin organization (like the TADs)
observed in experiments. However, motivated by the
observed correlations between epigenomic domains
and TADs described above, models that explicitly con-
sider the coupling between chromatin structure and
function have recently started to emerge [14-24]. In
particular, using polymer physics, we analyzed the
properties of a block copolymer model that accounts
for local epigenomic information [14]. In this previous
work, we posited that chromatin folding is driven by
effective epigenomic-dependent interactions between
chromatin loci. This is motivated by the observations
of self-interactions between chromatin types [10] and
is also supported by increasing evidence that some
architectural proteins might promote physical brid-
ging [25-27]. When considering block copolymers
built from the epigenomic landscape of drosophila, we
showed that this simple physical model accounts very
well for the folding patterns in TADs observed in Hi-C
experiments. As a main and very original outcome,
this model provides a physical framework for the dis-
cussion of multistability in chromosome organization.
In particular, the model predicts that experimental
patterns are fully consistent with multistable con-
formations where TADs of the same epigenomic state
interact transiently or long-lastingly with each other.
These predictions have been confirmed by Ulianov
and coworkers using a very similar copolymer model-
ing approach [23].

In this manuscript, we propose to characterize
more deeply the physical properties of epigenomic-
driven chromatin folding. Using an efficient lattice
version of the original block copolymer model, we
study the structural and dynamical properties of chro-
matin and show that the size of epigenomic domains
and asymmetries in sizes and in interaction strengths
play a critical role in the chromatin organization.
Finally, we discuss the biological implications of our
findings and how our predictions are quantitatively
compatible with experimental data in drosophila.

2. Model and simulations

Chromatin is modeled by a self-interacting polymer
on a lattice. The chain is composed by N beads, one
bead representing n kbp. Controversy still exists about
the value of the Kuhn length of in vivo chromatin.
Measurements go from few nanometers corresp-
onding to about one nucleosome (200 bp) [28] to
about 5 kbp [29]. In this study, we choose n = 10 kbp
to work at a scale where the rigidity of the fiber can be
neglected. Each monomer i is also characterized by its

] D Olarte-Plata et al

chromatin state e(i). The total energy U of a given
conformation is then given by

U=> te(iye(jijp (D

i<j

where §;; = 1 if monomers i and j occupy nearest-
neighbor sites on the lattice (6;; = 0 otherwise), and
u, . defines the strength of interaction between a pair
of spatially neighbor beads of chromatin states e and
e’. To simplify, we will assume that interactions occur
only between monomers of the same chromatin state
(4, = 0 if e = ¢’ and we note u,, = u,). The chain
is confined in a box of size Lb with b the typical size of
the FCC unit, containing N, = 4L lattice sites, with
periodic boundary conditions. We note p = N/N;
the lattice density.

The dynamics of the chain is modeled on a FCC
lattice following the local move scheme developed by
Hugouvieux and coworkers [30]. The particularity of
this scheme is that two monomers can occupy the
same lattice site if and only if they are consecutive
along the chain. This allows to efficiently simulate
reptation dynamics in dense systems. Practically,
simulation of the model is performed using a Monte
Carlo Markov chain algorithm. One Monte Carlo step
(MCS) consists in N trial moves. In each trial move, a
monomer is randomly picked and an attempt to move
it to one of its nearest neighbors on the lattice is per-
formed (figure 1(A)). The move is accepted according
to a standard Metropolis scheme [31] and only if the
connectivity of the chain is maintained. This kinetic
Monte Carlo scheme accounts for the main properties
of polymer dynamics like polymer connectivity, exclu-
ded volume and non-crossability of polymer strands,
and allows to recover all the generic—static and
dynamic—properties of a polymer chain (see
figures 1(B) and (C)) [30].

Numerical simulations were performed using a
home-made program. Starting from a random config-
uration, we first let the system reach equilibrium
before taking measurements on the system. Typically,
for each set of parameters, we simulate 100 trajectories
of total length 10" MCS and we sample conformations
every 10> MCS after an equilibration time of 4 10°
MCS. On a 2.8 GHz Intel core i7, one MCS takes about
107> CPU seconds to be simulated.

3. Results

3.1. A coarse-grained model for chromatin

We aim to develop a model that intergrates biologi-
cally relevant interactions into a physical framework to
quantitatively predict chromatin folding. The unidi-
mensional compartmentalization of the polymer
chromatin into epigenomic domains suggests to
model chromatin as a heterogeneous polymer com-
posed by successive blocks of monomers with different
physico-chemical properties. Therefore, we model a
portion of chromatin fiber as a block copolymer on a
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Figure 1. (A) Lattice model for chromatin. 2D projection of a typical configuration on a FCC lattice. Different bead colors (red and
blue) correspond to different chromatin states (A and B). Allowed moves on the lattice are depicted in light red or blue, while light
green corresponds to forbidden moves. Epigenomic-driven interactions (u,, 14;) are within beads of the same chromatin state that
occupy nearest neighbor sites on the lattice. (B) Mean end-to-end squared distance (R?) as a function of polymer size, predicted by the
lattice model for a isolated self-avoiding homopolymer without interaction. The model recovers the scalinglaw (R2) o< (N — 1)
(dashed line) [32] with v = 0.59 £ 0.01[33]. (C) Normalized mean squared displacement (m.s.d.) of the center of mass g5 (closed
symbols) and of the middle bead g; (open symbols) as a function of the normalized simulation time for N = 50 (circles), 100 (squares),
150 (up triangles) and 200 (down triangles), for a self-avoiding homopolymer without interaction and for a lattice density p = 0.1.
The model recovers that g; oc /N (dashed line) and that g o t1/2 (dotted line) at short time-scale and & ~ g atlongscale [34].

MCS (x100)/N?

lattice containing N beads (see the Model and Simula-
tions section and figure 1), each monomer represent-
ing 10 kbp and being characterized by its chromatin
state. This model is a modified version of the original
model that we developed in [14] and is close to several
other heteropolymer models of chromatin
[15, 16,20, 23].

The dynamics of the chain is governed by standard
excluded volume interactions and attractive interac-
tions between spatially close monomers of the same
chromatin state. These specific interactions are moti-
vated by recent experimental evidence showing that
some chromatin-associated proteins, characteristic of
some epigenomic state like polycomb or HP1, may oli-
gomerize, thus forming physical interactions between
distant loci enriched in these proteins [25-27]. To
account for the confinement of the chromatin seg-
ment of interest into a chromosome (sub-)territory or
into the nucleus and to simulate the effect of the rest of
the chromatin, the polymer chain is confined into a
cubic box (containing Nj lattice sites) with periodic
boundary conditions. This represents the main differ-
ence in terms of modeling with our previous work [14]
where we modeled the confinement by introducing a
non-specific attraction between monomers. Using
periodic boundary conditions is obviously more rea-
listic and may improve our description of epigenome
folding. In the next, we fix the lattice density to
p ~ 0.1 (L =6). This corresponds to the typical
volume fraction occupied by chromatin into the
nucleus [35]. For a typical chromatin density of
0.004 bp nm ™ [35], this imposes a diameter of 75 nm
for a 10 kbp monomer. The time-unit in our simula-
tion is determined by mapping the predicted mean-
squared displacement g; for a neutral chain (4, = 0) to
the experimental values measured by Hajjoul et al for
yeast: g1(in pum?) ~ 0.01¢%> with ¢ in seconds [28].
This leads to IMCS ~0.3s.

Detailed simulations of long confined self-avoid-
ing homopolymers have shown that topological con-
straints slow down dramatically the chain dynamics
such that the equilibration time of a chain corresp-
onding to a whole chromosome of higher eukaryotes
(20100 Mbp) can be well above the cell cycle length
[36]. However, locally, on chromatin region of size of
the order of few entanglement lengths (~Mbp), topo-
logical confinement is weak and the segment may be
viewed as equilibrated [37]. Therefore, to avoid possi-
ble memory effects due to unknown initial conditions
and polymer entanglement, we choose to work at
equilibrium and to simulate chromatin segments of
length ~1.2 Mbp (N = 120) that represents a reason-
able upper scale where the hypothesis of equilibrium is
valid.

In the next, we will investigate the impact of the
strengths of the attractive—epigenomic-dependent-
interactions (u,) on the structural and dynamical
properties of different chromatin segments.

3.2. A complex phase diagram

As a first illustration of the generic behavior predicted
by the copolymer model, we consider a portion of
chromatin made by only two types of epigenomic
domains (A and B) of size 100 kbp (10 monomers) and
alternating along the chain ((A;oBio)s)- Figure 2 shows
the rich phase diagram obtained when varying u,.
Figure 2(A) show predicted contact frequency—HiC
—maps, figure 2(B) average contact probabilities P (s)
as a function of the genomic distance s, figure 2(C)
mean squared distance maps, figure 2(D) average
mean squared distance D?(s), figure 2(E) the average
mean squared displacement g(¢), figure 2(F) the
probability P4(n) for a domain of a given epigenomic
state (A or B) to belong to a cluster composed by n
domains of the same state. To estimate Py(#), for every
pair of domains of the same epigenomic state, we
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Figure 2. Variation of structural and dynamical properties of a (A;¢ Byg)s chromatin segment as a function of u, (from 0 to —0.7kg T',
left to right). (A) Contact frequency map (position in 10 kbp unit). Color code is in log,-unit. (B) Average contact frequency P.asa
function of the genomic distance s (in 10 kbp unit). (C) Mean squared distance map. Color code is in log, (sm?)-unit. (D) Average
mean squared distance D? (in zm?) as a function of s. (E) Average mean squared displacement g (in ;zm?) as a function of time ¢ (in

or B) to belong to a cluster composed by n domains of the same

compute the proportion of pairs of monomers belong-
ing to different domains that are nearest-neighbors on
the lattice. If this proportion exceeds 10%, we consider
that the two domains are paired. It is then easy to
determine the number of clusters and their sizes by
analyzing the graph formed by paired domains.

For very weak specificity (4, ~ 0), the system is in
a coil phase characterized by extended conformations
with P.(s) that decreases rapidly with the genomic dis-
tance s and with fast movements of the monomers. We
find a behavior similar to isolated self-avoiding chains
with P.(s) o< s72! and D?(s) oc s2%959 [32, 33]. The
chain exhibits a typical Rouse dynamics with g oc t'/2
atshort time scaleand g o< t atlarger time scales [34].

For u, = —0.1/—0.2kg T, we observe a phase
characterized by an increased probability of contact
between monomers of the same type, and particularly
within the same epigenomic domain with the forma-
tion of weak TAD-like motifs in the contact map, and
P.(s) < s~1-3/~1, However, this is not reflected at the
level of the mean squared distances that remain homo-
geneous and of the dynamics that remain Rouse-like.
Epigenomic domains are mostly isolated—consistent

with the TAD picture—but greater clusters (sizes 2 or
3) may form.

For u, = —0.3/—0.4kg T, long-range contacts
between domains of the same epigenomic type
increase strongly with formation of checker-board-
like contact maps. These interactions start to be visible
at the mean squared distance level. More interestingly,
the system is in a multistable state where all sizes of
clusters are almost equiprobable (flat-like distribution
for Py). Configurations are composed by several glo-
bules of different sizes that are dynamically remo-
deled. Interestingly, this range of energy strength is
fully compatible with recent numerical simulations on
the coil-globule transition of isolated finite-size off-
lattice block copolymers modeling chromatin [38].

For u, < —0.5/—0.6kgT, the system enters a
microphase separation (MPS)-like phase where most
conformations contain two distinct stable compart-
ments (one for the A monomers and one for the Bs),
although smaller clusters may co-exist. The contact
probabilities between monomers remain high with
stronger values for pairs of monomers having the same
epigenomic state, leading to oscillation in P.(s).
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Figure 3. Variation of structural properties of (AsBs);, (A)—(C) and (A Byg)s (D)—(F) chromatin segments as a function of u, (from 0
to —0.7kg T, left to right). (A), (D) Contact frequency map (position in 10 kbp unit). Same color code as in figure 2(A). (B), (E) Mean
squared distance map. Same color code as in figure 2(C). (C), (F) Probability P4 for adomain of a given epigenomic state (A or B) to

Clusters of domains are preferentially composed by all
the monomers of the same type. For g;, we observe a
reptation-like dynamics with g (t) o t'/# [34] char-
acteristic of dense phases.

3.3. Impact of domain sizes

In this section, we aim to characterize how the
previous phase diagram depends on the size of the
epigenomic domains. For that purpose, we study two
other copolymers (AsBs);, and (A Bao)s, keeping the
total number of monomers A and B constant.
Figures 3(A)—(C) show the contact and mean-squared
distance maps as well as Py(n) for (AsBs),.
Figures 3(D)—(F) show the same observables but for
(Ay0By0)3- We do not plot the dynamical variable g;
since its behavior is very similar to the one observed
for (A19Bio)s-

For every domain size, at the contact frequency
level, we observe a similar behavior with the same pha-
ses as for (AjgBjo)s: coil, formation of TADs, appear-
ance of long range contacts, multistability and MPS-
like phases. We note that TAD formation appears at
lower energy (in absolute value) for bigger domains,

consistent with recent analytical results on finite-
length chains demonstrating that longer chains start to
collapse at weaker interaction energy [39].

For (AsBs);,, as we increase u,, domains collapse
internally into globules accompanied by a -collapse-
like transition (for 4, ~ —0.4kg T') at the whole poly-
mer scale. Indeed, at this scale, since the domains are
small, the polymer can be viewed as a self-interacting
homopolymer. However the internal organization of
the resulting globule is not random with the formation
of clusters of various sizes. Interestingly for strong
interaction energies, clusters of sizes 6 and 12 are pre-
dominant, i.e. either all the monomers of the same
epigenomic type form a unique cluster, either they are
splitinto two clusters.

For (Ay9Bj0)3;, while we also observe the internal
collapse of domains, there is no §-collapse at larger
scale—at this scale the polymer cannot be viewed as
homogeneous—neither the formation of checker-
board-like patterns in the mean squared distance
maps—steric constraints imposed by the internal col-
lapse of domains with a high number of monomers
restrict long range interactions. For strong interaction




10P Publishing

Phys. Biol. 13 (2016) 026001

] D Olarte-Plata et al

-0.2 -0.3
1
A _S 20 f
£ 60 R =
Q
8 100 : i 7.
20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100
position
BS 2
2
‘»n 60 ]
8 100 » O ]
20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100
position

(@)
Py (A)
o & -

ﬂl-._m-_....lm____j

ﬁ
=

Figure 4. Effect of asymmetry in domain size (A)—~(D) or in energy

(F) Mean squared distance map. Same color code as in figure 2(C).

123456 123456 123456 123456 1_23456 123456 123456 123456
cluster size n
1
Dg
2 0.5
- --lll‘
o -
123456 123456 123456 123456 123456 123456 123456
cluster size n
0/-0.1 -0.1/-0.2 -0.2/-0.3 -0.3/-0.4 -0.4/-0.5 -0.5/-0.6 -0.6/-0.7
E.S 20
=
= 60
8. 100 - 7oL -
0 100 20 60 100 20 60 100
position
c
Fs=
@ 60
8 100 ‘
20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100 20 60 100
position
G 1
<
~ 05
o
O 23456 123456 123456 123456 123456 123456 123456 123456
cluster size n
H 1
m
~ 05
o
0023456 123456 123456 123456 123456 123456 123456 123456

cluster size n

(A5 B5)s chromatin segment as a function of u, (from 0 to —0.7kg T, left to right). (E)-(H) Idem but for a (A B;o)s chromatin segment
withu, = u,and u, = u, — 0.1kg T (A), (E) Contact frequency map (position in 10 kbp unit). Same color code as in figure 2(A). (B),

composed by n domains of the same state. (D), (H) As (C) but for Bdomains.

strength (E)-(H). (A)—~(D) Variation of structural properties of a

(C), (G) Probability P4 for a A domain to belong to a cluster

energies, we observe a homogeneous repartition of
cluster sizes: either all the monomers of the same epi-
genomic type form a unique cluster, either they are
splitinto several clusters (of sizes 1 or 2).

3.4. Phase diagrams for asymmetric systems

In the previous sections, we considered symmetric
systems in term of epigenetic content (same number of
A and B) and in term of interaction strength
(u, = up = u,). Here, we aim to characterize how an
asymmetric epigenetic content or an asymmetric
interaction strength could modify the shape of the
phase diagrams.

First, we consider the copolymer (AsBis)s.
Figures 4(A)—(D) show the corresponding contact and
mean-squared distance maps as well as Py(n) for A and
for B. We observe that, as u, is increased, the TAD for-
mation but also long-range contacts first appear for
and between B domains and then for A domains. This
effect is due to difference in domain size and was also
observed in the previous section. At the mean squared
distance level, we observe a #-collapse-like behavior at
the whole chain level, since at this scale the polymer
can be viewed as homogeneous (A monomers can be
neglected). For very strong energy, a microphase-like
separation is observed with the formation of one
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Figure 5. (A) Experimental (upper triangular part, from [10]) and best predicted (lower triangulation part, u, = —0.1kg T,

up = —0.3kg T') contact frequency map for a 1.3 Mbp long chromatin segment of chromosome 3R of drosophila. Same color code as
in figure 2(A). Epigenomic domains (from [10]) are given at the top and at the right borders of the figure (red for active, blue for
inactive). (B), (C) Intra-TAD compaction level of epigenomic domains of different sizes. (B) Predictions for u, = —0.2kg T (circles)
or —0.3kg T' (squares) computed for the copolymers (AsBs)12, (A10Bio)s> (A15Bis)s and (Ayg Bap)s. (Inset) Intra-TAD concentration
level as a function of the intra-TAD compaction level. (C) We consider the TADs observed in drosophila. TADs were sorted by sizes (in
seven bins) and types (active/inactive). For each TAD, we compute from the experimental HiC map the compaction level. TAD
information (contacts, positions, sizes and activities) were taken from [10].

compartment for the A monomers and of one or sev-
eral compartments for Bmonomers.

Second, we consider the effect of an asymmetry in
interaction strength by studying the copolymer
(A19Bio)s with u, = u, — 0.1kgT. Figures 4(E)—(H)
show the corresponding contact and mean-squared
distance maps as well as Py(n) for A and for B. Regard-
ing the TAD formation and long-range contacts
between domains, we observe a similar behavior than
previously with an early event for B domains. How-
ever, there is no large-scale 6-collapse. The multi-
stability region for B domains begins at lower energy
but ends at a similar range as A domains.

4. Discussion

Experimentally, intra-chromosomal organization has
been mainly studied using microscopy by measuring
pairwise distances between loci with DNA-FISH or
using molecular biology by capturing pairwise con-
tacts between loci with chromatin conformation
capture techniques (like Hi-C for example). These
experiments have shown that, on average, the contact
probability P. scales as s~ [40], the mean squared
distance D* as s' [41], with Rouse-like dynamics
[28, 42]. In Hi-C contact maps, subnuclear domains—
the TADs—are distinctly visible. Long range contacts
between TADs of the same epigenomic domains—the
so-called compartments—are observed with an inten-
sity decreasing with the genomic distance [6, 40].
Adjacent TADs are insulated with a typical ratio of
4-10 between intra-domain contact frequency and
nearest-neighbor-domain contact frequency [24]. All
these observations are fully compatible with the
prediction of the copolymer model for interaction
strength u, ~ —0.2/—0.3kg T. For example, the frag-
ment of Hi-C map given in figure 5(A) (up) that
corresponds to a chromatin region of drosophila with

a succession of small euchromatic (type A) and large
heterochromatic (type B) epigenomic domains, is well
described by the folding of the corresponding A/B
copolymer with u, = —0.1kgT and up = —0.3kgT
(figure 5(A), bottom), a combination of asymmetries
in size and in interaction strength, with a Pearson
correlation higher than 0.9 between the two maps.
These values for u, and u;, were fitted by minimizing
the sum of squared differences y? between the
experimental and the predicted intra- and inter-
epigenomic state mean contact frequencies. Note that
the parameter set (4, = Okg T, u, = —0.4kg T") works
equally well; the folding of all the other tested
parameter sets have a significantly greater x2. Interest-
ingly, we find that the energy of interaction of active
chromatin is weaker than for heterochromatin, con-
sistent with the observation that euchromatin is often
less dense than heterochromatin [43] and with a recent
application of the copolymer formalism to the folding
of drosophila chromatin [23].

Strikingly, at this range of interaction strength
(u, ~ —0.2/—0.3kg T), while TAD formation and
patterns of long-range contacts are clearly visible on
contact map, the mean squared distance map exhibits
weaker differences as observed in recent papers that
perform both DNA-FISH and chromatin conforma-
tion capture experiments [19, 44]. This implies that
pairwise contacts and distances—particularly at long
range—cannot be simply related by a simple scaling-
law as routinely employed in reconstruction algo-
rithms that aim to infer the 3D organization of chro-
mosomes based on Hi-C data and that transform
contact frequencies into distances [45—49]. This obser-
vation also suggests that if domains of the same epige-
nomic state are not in close contact they could be
relatively distant from each other and possibly inter-
acting with another domain. The model also predicts
that the long-range contacts observed between
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epigenomic domains reflect a multistable state with
the metastable formation of clusters of various sizes
that are dynamically remodeled [ 14]. This is consistent
with recent single-cell Hi-C experiments showing that
TADs are conserved between cells but long range con-
tacts are not [50]. We also remark that experimental
observations are compatible with a region of the phase
diagram that is sensitive to variations in the interaction
strength and in the block size. One could hypothesize
that by modulating the number of bridging molecules
that drive the epigenomic interactions or the number
of accessible binding sites for such molecules, cells
might finely tune the local condensation and the long-
range contacts between epigenomic domains, leading
to abetter control of transcription and silencing.

The model predicts that the sizes of the domains
impact on chromatin folding. For a given pair of
monomers (i, j), the ratio 7.(,j) = C@,j)
/B.(]j — i]) between the contact frequency C(i, j)
between i and j and the mean contact frequency
P.(|j — i]) quantifies if a contact between (i, j) is
observed in a chromatin configuration more or less
often than a typical pair of monomers at the same
genomic distance. We estimate the level of compac-
tion of an epigenomic domain by computing the aver-
age value of r. (7, j) within the domain. A proper way
would be to rather compute the concentration level
defined as the concentration of monomers in an epige-
nomic domain at a given interaction strength (number
of monomers divided by the cube of the radius of gyra-
tion) normalized by the corresponding value but for
the neutral chain (4, = 0) (inset of figure 5(B)). How-
ever, experiments like Hi-C do not allow to compute
this concentration level, but we checked theoretically
that intra-TAD compaction level and concentration
level are strongly correlated (inset of figure 5(B)).
At realistic interaction strength values (u, =
—0.2/—0.3ks T), we observe that bigger domains are
more compact (figure 5(B)). This result highlights the
importance of finite-size effects in chromatin folding
as already pointed out by Caré and coworkers [38]. To
test this prediction, we estimate the degree of compac-
tion of TADs observed in drosophila [10] as a function
of their size (figure 5(C)) for euchromatic and hetero-
chromatic domains. We observe, on average, stronger
compaction level for bigger—inactive—domains as
predicted by the model. Interestingly, for active
domains, the compaction does not depend on the size,
again pointing out that active chromatin only weakly
interacts with itself. This may reflect a distinct local
mode of interaction between chromatin types: active
chromatin rather organizes locally via pairwise short-
range bridging between discrete specific genomic sites
while heterochromatin may interact more con-
tinuously via clustering of multiple chromatin loci.
This is consistent with more homogeneous internal
contact patterns observed for inactive domain and
more complex interactome profiles for active domains
as observed in human cell lines [51]. This may also

] D Olarte-Plata et al

explain the increase of global compaction observed
after disrupting the CTCF-cohesin pairwise interac-
tions [8, 17, 52]. Interestingly such disruption mostly
keeps TADs invariant. Along the same line, experi-
ments have shown that TADs and their boundaries are
only weakly modified during development [53] and
that the main regulatory pathways changes are corre-
lated to local reorganizations at the sub-TAD level
[27, 54, 55]. This suggests that TADs correspond to
‘hard-wired’ modules that might have a role in either
preventing (by sequestering) or facilitating the long-
range communication between distal regulatory geno-
mic elements, thus enhancing efficiency of genes co-
activations or co-repressions [8, 56]. Domain sizes
through the control of global compaction may have
co-evolved in order to increase the robustness of these
regulatory contacts, for example to motif muta-
tions [8].

5. Conclusion

In this article we have extended our previous work on
the epigenome folding by implementing efficient
kinetic Monte Carlo simulations of block copolymer
chains on a lattice with a more realistic description of
the nuclear confinement. We confirm that the in vivo
organization of the drosophila genome is consistent
with a multistable state where epigenomic domains
internally folds and interacts stochastically at long-
range with other domains of same chromatin type.
Importantly, we show that the active chromatin is
characterized by a weaker self-interaction as compared
to inactive chromatin whose compaction increases
with the size of the domain, consistent with the
predictions of the model. However a finer under-
standing of these different modes of self-association
will require building a predictive model by inferring
the epigenomic driven interaction from contact Hi-C
maps. Thanks to higher-resolution contact and epige-
nomic data we expect to gain deeper insights into the
complexity of the local epigenomic and genomic
control of chromatin self-association. Additionally,
interactions with nuclear landmarks such as mem-
brane and nuclear pores are known to play a funda-
mental role in controlling large-scale nuclear
organization [57, 58]. Integration of such interactions
in our framework would lead to a more detailed
description of chromatin folding.

Recently, it has been proposed that in mammals,
some TADs may be controlled by the active loop-
extrusion process induced by the CTCF-cohesin com-
plex [21, 22]. Our mechanism, that involves self-
attraction between specific chromatin types or geno-
mic loci such as CTCF sites is in that case ruled out by
the observation of a preferential association of con-
vergent CTCF sites [6, 21, 22]. Deciphering the relative
contribution of the two different—but not exclusive
—passive (copolymer-like) and active (extrusion-like)
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processes in regulating TAD formation is therefore an
important question to address in the future within our
framework. Overall this will shed light on the universal
and the specific principles that drive both active and
inactive self-association. These objectives present sig-
nificant challenges, which are mainly linked to the
need to extend existing experimental technologies and
to scale up modeling and simulations in order to meet
the need to produce quantitative spatial maps of whole
genome folding and their changes as a consequence of
physiological perturbations or of mutations.
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